An enhanced sulfate aerosol layer has been observed near 25 km accompanying springtime ozone depletion in the Antarctic stratosphere. We use a onedimensional aerosol model that includes photochemistry, particle nucleation, condensational growth, coagulation, and sedimentation to study the origin of the layer. Annual cycles of sunlight, temperature, and ozone are incorporated into the model. Our results indicate that binary homogeneous nucleation leads to the formation of very small droplets of sulfuric acid and water under conditions of low temperature and production of H2SO 4 following polar sunrise. Photodissociation of carbonyl sulfide (OCS) alone, however, cannot provide sufficient SO2 to create the observed condensation nuclei (CN) layer. When subsidence of SO2 from yery high altitudes in the polar night vortex is incorporated into the model, the CN layer is reasonably reproduced. The model predictions, based on the subsidence in polar vortex, agree with in situ measurements of particle concentration, vertical distribution, and persistence during polar spring. https://ntrs.nasa.gov/search.jsp?R=19980022181 2020-01-26T23:37:51+00:00Z Reaction Rate Kt D ,,i S + O2---, SO + O K_ R2 SO + 0:--, SO, + 0 K3 R3 SO:+ OH + M_HSO_ + M K,I R4 HSO3 + 02--" SO3 + HO2 K_ R5 SO 3 + H20 "+ HzSO4 • K6 D ,,6 OCS + O-, SO + CO Jt ¥ JI OCS + hv--, S + CO (;t < 228 nm)
Introduction
Balloon-borne counters have been able to measure aerosols with radii greater than 0.01/._m in the stratosphere since 1973 [Hofmann and Rosen, 1977; Rosen and Hofmann, 1977] . These fine particles are generally referred to as condensation nuclei (CN) because of their small size and their role as sites for condensation of sulfuric acid vapor [Hofmann and Rosen, 1985; Hofmann, 1990 ]. Measurements over Antarctica have revealed an enhanced CN layer between 20 and 30 km with a maximum particle concentration exceeding I00 cm -3 at about 25 km [Hofmann and Rosen, 1985; Hofmann, 1988; Wilson et al., 1989 ]. The layer has been observed to appear repeatedly in each spring from September to November.
Hofmann et al.
[i989] found that the CN layer and the severe ozone depletion (ozone hole) in the south polar region are concurrent, and both CN concentrations and ozone abundance are sensitive to 19c_altemper7 ature. Moreover, coincident with the CN layer and the ozone hole is an observed decrease in concentration of "optical-active aerosols" (OA) with particle radii greater then 0.15 /xm. Recent measurements in the Arctic during winter show a similar layering effect [Hofmann, 1990] . Stratospheric CN, which are most likely liquid sulfuric acid and water solutions, are believed to serve as sites for iNow at Department of Meteorology. School of Ocean and Earth Science and Technology, University of Hawaii, Honolulu.
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Paper number 94JD03110. 0148-0227/95/94JD-03110505.00 heterogeneous chemical reactions. Thus it is of great interest to investigate the mechanisms which lead to the formation of these CN layers.
Several mechanisms for the formation of the CN layer have been proposed. Rosen and Hofmann [1983] suggested that sulfur-bearing gases (carbonyl sulfide (OCS)) could accumulate in the polar stratosphere during winter due to the lack of sunlight and produce high concentrations of H:SO4 vapor in spring after sunrise. However, Oppenheimer [ 1987] argued that photodecomposition of OCS is a slow process because of the large zenith angle in the polar region; the production of H2SO4 through OCS photolysis is not sufficient for CN formation. Thus he proposed that photooxidation of OCS or reaction of OCS with elevated levels of OH might account for an enhancement in sulfuric acid vapor leading to the formation of the CN layer.
Because CN layers are always observed to be accompanied by low temperatures, Hofmann [1988] suggested that low temperatures in the winter polar stratosphere support homogeneous nucleation and rapid growth of fine particles due to excessive supersaturation of H., SO4 vapor. Hamill et al. [1990] studied the homogeneous nucleation of ambient sulfuric acid at polar winter low temperatures and concluded that even with modest acid concentrations the formation of H2SO4/H20 droplets would be efficient. However, such acid concentrations may not exist in polar winter because production of H2SO4 through photochemical processes ceases after polar sunset, while the acid vapor still condenses to preexisting particles as temperatures are decreasing. Hamill et al. did not include the loss of H2SO 4 to preexisting particles. Their model did not reproduce the observed sea-POLAR STRATOSPHERE 
,,-'--, Then, in a one-dimensional tracer representation we have
Role of Subsiding Motion in the Polar Vortex
The first term on the right-hand side of (5) can be viewed as the effect of horizontal mass convergence associated with net vertical subsidence.
Whereas the vertical velocity used
here increases with altitude, the downward mass flux actually decreases with altitude, and the horizontal convergence effectively brings air into the vortex from outside. Both the vertical motion and the horizontal convergence decrease in the lower stratosphere, and there is little accumulation of mass in the stratospheric column. As a variation of a baseline experiment, a SO2 mixing ratio of 0.1 parts per billion by volume (ppbv) is assumed at the upper boundary (60 kin). Similarly, the mixing ratio of HzSO4 in air descending from mesosphere is set to 0.1 ppbv, and the concentrations of preexisting aerosols are set to zero. These concentrations for SO2 and HzSO4 are taken from photochemical simulations of the stratospheric sulfur cycle [e.g., Turco et al., 1979 Turco et al., , 1982 ; however, the actual concentrations are uncertain.
As will be shown, the results are not sensitive to the H2SO4 concentration but are sensitive to SO2.
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- Compare with data shown in Figure I0 . After including such a descending motion and associated fluxes at the upper boundary, the model generates dense CN layers during spring after sunrise that agree with observational data (Figure 12) . The layer appears at higher altitudes in early spring and shifts downward as time progresses.
The maximum concentration of CN particles is situated near 29 km in September and 24 km in October.
The background particles in this case also have lower concentrations during winter and spring because of the downward flow, which brings particle-free air into the upper and middle stratosphere. The number of large particles is reduced significantly (Figure 13 ). Hence subsidence is also consistent with the aerosol hole observed by balloon-borne and satellite soundings [Hofmann and Rosen, 1983; McCormick et ai., 1983] . The vertical flux of SO: at upper boundary is crucial to forming the CN layer. During fall the photolysis of OCS decreases and the SO2 mixing ratio above 20 km decreases through reaction with OH. The photochemical source of SO2 remains insignificant throughout the winter. Moreover, the production of SO2 from OCS is too slow to generate a CN layer in the springtime. Once the downward transport of SO2 from the mesosphere into the stratospheric vortex is included, however, the SO2 mixing ratio can be maintained at an elevated level, as shown in Figure 14 .
Variations in the HzSO4 mixing ratios for the case with subsidence are similar to those in Figure 6 , except the mixing ratio of H2SO 4 has a higher value near 30 km in winter and early spring due to the subsidence motion; however, the total aerosol and CN concentrations (Figures 15 and 16, respectively) are considerably different from those in Figures 8 and 9 . The perturbations in the aerosol concentrations following sunrise are far more intense and persistent.
Note particularly the strong enhancement in CN concentrations from 18 to 30 km during springtime in Figure  16 . By comparing Figures I5 and 16 , it becomes evident that the enhancement in CN concentrations occurs mainly above 18 kin, although many small droplets are generated below this level (these very small particles are not counted as CN). At the lower altitudes the ambient aerosols capture all of the small droplets by coagulation before they grow to CN sizes by condensation.
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---8o ,. / Figure 18 . Vertical arid temporal distribution of CN concentration from days 120 to 360 at altitudes between 15 and 59 in the simulation with subsidence.
is found that with an SO2 mixing ratio of 0.1 ppbv or larger, a parameter a in (1) of 0.4 -0.5 and a velocity w 0 in the range 0.4 -0.5 cm s-l, the generated CN layers are similar to those observed. According to the observational data from Toon et al. [1989] the vertical velocity near 18 km is about -85 m d -1 (-0.1 cm s-l) . The range of maximum subsidence rates near 18 km used in the model is between 0.02 and 0.1 cm s-I which is close to the observations. We also run the case with no SO 2 but 0.1 ppbv H2SO 4 mixing ratio at the model upper boundary. We found that the simulated CN layer is very weak; the peak concentration is less than 10 cm-3 in this simulation. Moreover, the strength of the layer is not sensitive to increasing the H2SO4 concentration at the upper boundary. The lack of sensitivity occurs because n2so 4 vapor can condense on preexisting particles as it is transported from high altitudes to the polar stratosphere. The short lifetime of H2SO4 vapor prevents its accumulation in the region where CN events occur. In contrast, the SO2 is not destroyed in the polar night and
The first two reactions are included in the baseline model. As we noted earlier, the photolysis rate of OCS (.I1) is too small in polar spring to provide an adequate sulfur source for the observed CN lancer. An OCS photodecomposition rate, locs, of roughly 10-'s-1 is necessary to create a realistic CN layer. At 25 km, the reaction rate with atom oxygen, 16 = R6[OI is about 10 -s (if [O] -106 cm -3 [Brasseur and Solomon, 1986] . This is obviously too slow. The reaction of OH with OCS (RT) suggested by Oppenheimer [1987] , with an upper limit concentration for OH of --10 7 cm -3, is again too small (/OH --10-S S-l) • Measurements show that CIO mixing ratios in the lower polar stratosphere during spring can exceed 1 ppbv, more than 100 times greater than normal background stratospheric concentrations [de Zafra et al., 1987; Solomon et al., 1987] . Thus the OCS lifetime against decomposition by reaction R s could become as large as about 10 -7 S -l, which is an order of magnitude greater than reaction 16. This chemical reaction may contribute to the conversion of OCS to H2SO4 vapor. R 9 and Rl0 would be more than an order of magnitude less important than R s, because the concentrations of NO 3 and C1 are so low. A ClO concentration field is constructed according to observational data from de Zafra et al. [1987] and Solomon et al. [1987] as [[t-240\] taol:c<z)cos :
Here t is time (day) and [CIOI is CIO mixing ratio (ppbv). When we incorporate reaction R s in the baseline model with the C10 concentrations shown in Figure 19 and the upper limit (room temperature) rate coefficient of 10-16 cm _ s-', CN layers are formed between 15 and 30 km with peak concentrations of more than 100 cm -3 ( Figure 20) . This surplus of CN reflects particle formation, condensation, and therefore can serve as a sulfur reservoir for the CN forma-coagulation in the presence of abundant H2SO 4 vapor gention in springtime.
Modified Photochemistry
To test the importance of oxidation of OCS by OH radicals originally proposed by Oppenheimer [1987] and other related chemical processes, the following photochemical reactions involving OCS were considered. 
erated by the decomposit'lon of OCS. Among the photochemical processes listed above, reaction R8 is the most likely to provide sufficient H2SO4 vapor for CN formation in polar spring. The reaction rate coefficient, however, is probably much smaller than the room temperature upper limit [DeMote et al., 1990] used in the simulation.
At much lower stratospheric temperatures than the room temperature the rate coefficient may be 1 to 2 orders of magnitude smaller. Further experimental studies of this mechanism are needed to eliminate this possibility.
Effect of Micrometeorites
To study the impact on CN layer formation of an additional particle source associated with micrometeorites, we also did some experiments which include a constant flux of small particles at the upper boundary according to the results from Hunten et al. [1980] and Turco et al. [1980] . These fine meteoritic aerosols slowly migrate downward by diffusion in Figure  19 .
(a)-(c) CIO mixing ratios used in the numerical experiment with reaction R 8 set to its upper limit value.
The enhanced CIO concentrations were constructed using equation (7) referring to the measurements from de Zafra et al. [1992] .
the one-dimensional simulation. Figure  21 shows CN layer is produced similar to that shown in Figure  12 .
However, the scenario of CN formation is distinctly different from that in the similar case without meteorites.
In the case illustrated in Figure  12 the new sulfuric acid/water droplets are produced by homogeneous nucleation.
In contrast, in this case, it is the heterogeneous nucleation of sulfuric acid/water solutions on these preexisting micrometeorites that is the key mechanism to initialize the CN formation. As we can see in Figure  21 , the concentrations of micrometeorites can be more than 100 cm -3 above 30 km. Figure  19 ). 
